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Novel low dimensional quantum phenomena are expected at (110) LaAlO3/SrTiO3 (LAO/STO) 
interfaces after the quasi two dimensional electron gas similar to that of (001) LAO/STO interfaces was 
found [G. Herranz et al., Sci. Rep. 2, 758 (2012) and A. Annadi et al., Nat. Commun. 4, 1838 (2013)]. 
Here, two dimensional superconductivity of (110) LAO/STO samples with a superconducting transition 
temperature of   184 mK is demonstrated based on systematical transport measurements. The two 
dimensional characteristic of the superconductivity is confirmed by analyzing the 
Berezinskii-Kosterlitz-Thouless transition. The estimated superconductive thickness is about 18 nm. 
These features of superconductivity of (110) LAO/STO interfaces are comparable to those of (001) 
LAO/STO interfaces. This discovery may inspire a new round of upsurge on study of LAO/STO 
interfaces.  
 
I. INTRODUCTION 
 
Due to the strongly correlated characteristics of 
electrons, transition metal oxides (TMO) have attracted 
extensive attention of the researchers. Especially the 
heterojunctions of TMO, benefiting from the enhancement 
of the interplay between the charge, spin, orbital, and 
lattice degrees of freedom, exhibit a variety of novel 
phenomena not found in the respective bulk constituents 
or in conventional semiconductor interfaces. One of the 
most fascinating systems is (001) LaAlO3/SrTiO3 
(LAO/STO) interfaces, at which high mobility quasi two 
dimensional electron gas (2DEG), 
1–4
 two dimensional (2D) 
interface superconductivity,
5–7
 ferromagnetism,
8–13
 and the 
coexistence of superconductivity and ferromagnetism
14–16
 
have been observed. Therefore, the research of experiment 
and theory of (001) LAO/STO interfaces has become one 
of the hotspots in the research fields of TMO 
heterojunctions. Recently, at (110) orientated LAO/STO 
interfaces, unexpected high mobility metallic conductivity 
was also found.
17,18
 The quasi 2DEG of the (110) 
LAO/STO interfaces has similar values of the sheet carrier 
density, room temperature resistivity and electronic 
mobility to those found at the (001) LAO/STO interfaces. 
In addition, a unified mechanism of the origin of the 
2DEG for both (001) and (110) LAO/STO interfaces has 
been proposed.
19
 So the fascinating novel phenomena 
resided at the (001) LAO/STO interfaces is also expected 
at the new (110) LAO/STO interfaces. What is more, 
because there are two different crystal orientations, i.e., 
(010) and (1-10), in the plan of (110) LAO/STO interfaces, 
the added degree freedom of crystal anisotropy would play 
a role and may produce newfangled physics.
20–22
 
Therefore, the discovery of the quasi 2DEG at (110) 
LAO/STO interfaces injects new vigor and presents new 
opportunities into the research of heterojunctions of TMO. 
While the deep study on (110) LAO/STO interfaces is lack, 
particularly, the ground state, whether the electrons 
condensed into a ferromagnetic state or a superconducting 
state when the temperature approaches absolute zero, has 
not been reported by now. 
In this study, we demonstrate that the electrons at the 
investigated (110) LAO/STO interfaces condensed into a 
superconducting ground state. The superconducting 
transition temperature (Tc) is about 184 mK. The 
characteristics of the superconductive transition are 
consistent with a Berezinskii-Kosterlitz-Thouless (BKT) 
transition
23–25
 of a 2D electron system which proves the 
superconductivity is 2D of the interface but not of the bulk 
STO substrate. The BKT transition temperature (TBKT) is 
about 177 mK. The estimated thickness of 2D 
superconducting layer is about 18 nm. 
 
II. EXPERIMENT 
 
In this study, the films with 5 unit cells (uc) of LAO 
was grown by pulsed laser deposition (PLD) at (110) STO 
substrates. The as-received (110) STO substrates were 
treated at 1050 °C for 2h under oxygen atmosphere,
26
 
atomically flat (110) STO surfaces were obtained. The 
substrate was heated from room temperature to 750 °C in 
0.1 mbar of O2, and then the LAO layer was grown in 10
-5
 
mbar of O2. The laser pulses were supplied by a KrF 
excimer sources (λ=248nm) with an energy density of 1.5 
J/cm
2
 and a frequency of 1 Hz. After deposition, every 
sample was cooled down in oxygen rich atmosphere to 
avoid the formation of oxygen vacancies:
17,27,28
 PO2 = 0.3 
mbar from 750 °C to 600 °C and PO2 = 200 mbar from 
600 °C to room temperature, with a dwell time of 1 h at 
400 °C. 
The measurements of the sheet resistance (Rs) and 
voltage versus current (V-I) curves were performed by 
using four contacts arranged on the samples as shown in 
the upper insert of Fig. 1(a). The contacts were formed by 
 2 
ultrasonic welding using 25-micrometer-diameter Al-wires 
directly connected to the sample interfaces. The 
measurements were mainly performed in a dilution 
refrigerator. 
 
III. RESULTS AND DISCUSSION 
 
The typical transport properties of the 5-uc (110) 
LAO/STO samples are shown in Fig. 1. The temperature 
(T) dependence of resistance (R) exhibits clear metallic 
behavior, as shown in the lower insert of Fig. 1(a). There 
is an obvious superconducting transition with a Tc   184 
mK [Fig. 1(a)]. The Tc was defined as the temperature 
where the resistance is the 50% of its normal state value 
(Rn, measured at T = 400 mK). The width of the transition 
 Tc (defined between 20% and 80% of Rn) is   36 mK. 
The Tc and  Tc of the (110) LAO/STO interfaces here are 
comparable to those of superconductive (001) LAO/STO 
interfaces
5,6
 as well as (001) LaTiO3/STO interfaces.
29,30
 
The I-V curve at T = 50 mK in zero magnetic field 
indicates a supercurrent lasting up to ~ 14 µA [Fig. 1(b)]. 
Furthermore, as seen in Fig. 1(c), at T = 50 mK, when a 
magnetic field perpendicular to the sample surface (H⊥) is 
applied, Rs recovers its normal-state value above 0.4 T, 
while, when the magnetic field is parallel to the surface 
(H||), Rs recovers its normal-state value above 2 T. The 
Rs-H curves exhibit obvious anisotropy on the orientation 
of magnetic field. The occurrence of the zero-resistance  
 
FIG. 1 (Color online) (a) Dependence of the sheet resistance on T of 
the (110) LaAlO3/SrTiO3 sample with 5-uc LaAlO3 overlayers 
(measured with a 50-nA current). The upper inset shows the 
arrangement of the electrodes for four-terminal transport 
measurements. The lower inset shows sheet resistance versus 
temperature measured between 8 K and 300 K. (b) The I-V curve at 
0.05 K. (c) The the magnetic-field (µ0H) dependence of Rs at 0.05 K. 
H⊥ and H|| mean the magnetic field was applied perpendicular and 
parallel to the sample surface, respectively. 
state and the characteristic of both I-V and Rs-H 
dependencies clearly demonstrate superconductivity at the 
(110) LAO/STO interfaces. The electric current is 
perpendicular to the magnetic field during the 
measurements for H|| case. 
The obvious anisotropy of Rs-H curves at H⊥ and H|| 
[Fig. 1(c)] indicates that the superconductivity in our (110) 
LAO/STO interfaces should be 2D characteristic. For a 2D 
system, it is well established that the superconducting 
transition should obey a BKT transition, characterized by 
a transition temperature TBKT.
31–36
 Below TBKT, vortices 
and antivortices pairs are formed, and the zero-resistance 
state appears. As temperature rising, a thermodynamic 
instability should occur in which vortex-antivortex pairs, 
bound at low temperatures, spontaneously unbind into free 
vortices at the characteristic transition temperature TBKT, 
and the proliferation of free vortices destroys 
superconductivity. According to the BKT transition theory, 
near the TBKT, (I) a strong non-Ohmic behavior in the V-I 
characteristics displays, in a simple power law          
with a = 3 at TBKT;
32,35,37
 and (II) the temperature 
dependence of resistance behaves as 
         
          
   ⁄
,
32,36
 which generates 
               ⁄       ⁄   
⁄
        , i.e., 
               ⁄  is linear with T. The above two 
features have been commonly used to experimentally 
demonstrate the existence of a BKT transition and to 
determine the value of the TBKT.
5,36–40
  
 
FIG.2 (Color online) (a) Temperature-dependent V-I characteristics 
of the 5-uc (110) LaAlO3/SrTiO3 interfaces measured at different 
temperature. The insert shows that the critical current (Ic) was 
gained by extrapolating the linear part near the upward corner of the 
V-I curves to zero axis. (b) Temperature dependence of the Ic 
obtained from (a). 
Therefore, in order to examine the 2D superconductive 
characteristics of our 5-uc (110) LAO/STO heterojunction 
 3 
samples, we measured the V-I characteristics from 50 mK, 
where the samples are completely superconductive, to 
higher temperature where the samples recover to normal 
state. The representative results of a sample same to that 
of Fig. 1 are shown in Fig. 2(a). At 50 mK, for small 
current, there is a clear superconductive terrace at the V-I 
curve, and as the current increases, the V-I curve recovers 
to a linear Ohmic characteristic in the end. With the 
increase of the temperature, the superconductive terrace 
becomes shorter till vanishes, and lastly, the V-I turn into 
almost complete linear Ohmic characteristic at 243 mK. 
The critical current (Ic) of each temperature was defined 
by extrapolating the linear part near the upward corner of 
the V-I curves to zero axis,
41
 as shown in the insert of Fig. 
2(a). The temperature dependence of Ic is shown in Fig. 
2(b), the Ic decreases from ~ 14 µA at 50 mK to zero at 
228 mK and 243 mK, exhibiting a steplike structure 
similar to that of (001) LAO/STO interfaces.
5
 The above 
V-I characteristics at different temperature provide strong 
evidence for the superconductivity of the (110) LAO/STO 
interfaces. More importantly, we replot the V-I data of Fig. 
1(a) in a logarithmic scale to check whether the 
superconductive transition of the (110) LAO/STO 
interfaces here is consistent with a BKT transition. As 
indicated by short black lines in Fig. 3(a), near the Tc (  
184 mK), the V-I curves indeed show a clear          
power-law dependence. So the (110) LAO/STO samples 
does undergo a BKT transition according to the feature (I) 
of the BKT transition. The long black line corresponds to 
V ~ I
3
 dependencies and shows that 174 mK < TBKT < 183 
mK. The power exponents a(T) are gained by fitting the 
data and plotted as a function of temperature [Fig. 3(b)], 
revealing that the TBKT   177 mK.  
Furthermore, the R-T characteristics should also be 
consistent with a BKT transition. As expected by the 
feature (II) of the BKT transition, near the TBKT, 
               ⁄  should be linear with T. As shown by 
a blue line in Fig. 3(c), the                ⁄  does scale 
linearly with T near 200 mK. The      can be extracted 
from the intersection points of the linear part with the zero 
axis.
5,36
 The TBKT extracted by this method is   182 mK, 
in line with the the result of V-I analysis.  
To sum up, the characteristics of the superconductive 
transition of the (110) LAO/STO samples are consistent 
with the BKT transition, providing the powerful proofs of 
the 2D superconducting of the interfaces not of the bulk 
STO substrates. Similar results had been reported at (001) 
LAO/STO interfaces.
5,6
 
For purpose of further investigating the 2D character of 
the superconductive state, we investigated the V-I 
characteristics of the samples at 50 mK for different 
values of magnetic fields applied both perpendicular and 
parallel to the interface. As illustrated in Fig. 4(a) and (d) 
for H⊥ and H||, respectively, the V-I curves progressively 
recover to a linear Ohmic characteristic indicating the 
superconductive states are progressively suppressed as the 
magnetic field increases. However, it is very clear that the 
response of the samples to the magnetic field exhibits very 
strong dependence on the magnetic field orientation. It is 
145 mT at which the superconductive state is almost 
suppressed for H⊥ case [Fig. 4(a)], while the 
corresponding value is 1500 mT for H|| case [Fig. 4(d)], 
one order of magnitude larger than that of H⊥. This strong 
anisotropy again proves the low-dimensional 
superconductivity of the samples, since the 2D 
superconductivity cannot be suppressed by vortex entry 
for in-plane fields,
42
 and is in consistent with the BKT 
transition analysis (Fig. 3) and the Rs-H characteristics 
[Fig. 1(c)]. 
For more in-depth quantitative analysis, we get the 
differential resistance dV/dI directly deduced from the V-I 
data. The values of dV/dI represent the resistance of the  
  
FIG.3 (Color online) (a) Temperature-dependent V-I curves of Fig. 
2(a) on a logarithmic scale. The color code is the same as that in Fig. 
2(a). The short black lines are fits of the data in the transition. The 
long black line corresponds to V ~ I3 dependencies and show that 
174 mK < TBKT < 183 mK. (b) Temperature dependence of the 
power-law exponent a, deduced from the fits shown in (a). TBKT = 
177 mK was deduced. (c) R(T) dependence of the 5-uc (110) 
LaAlO3/SrTiO3 sample, plotted on a [dln(R)/dT]
−2/3 scale. The blue 
solid line indicates the linear behavior expected for a BKT transition 
with TBKT =182 mK. 
sample at different measuring current. As shown in Fig. 
4(b) and (e), for zero and lower magnetic field, the values 
of dV/dI are zero at lower measuring current, 
corresponding to the superconductive state, as the 
measuring current rises, the dV/dI increases to a peak 
value, and then decreases to a saturation (dV/dI)I=40 at I = 
40 µA at last, corresponding to the normal state; for higher 
magnetic, the dV/dI increases from not zero but a finite 
value (dV/dI)I=0 at I = 0 µA, and the higher of the 
magnetic field, the bigger of the (dV/dI)I=0. To elucidate 
this more clearly, as shown in Fig. 4(c) and (f), we plot the 
magnetic field µ0H dependence of the ratio 
(dV/dI)I=0/(dV/dI)I=40. Here, we use an innovative method, 
basing on the V-I characteristics of the samples at different 
values of magnetic fields, to determine the upper critical 
field (Hc2). The field at which the resistance at I = 0 µA 
recovers to half that of the normal value, i.e.,  
 4 
 
  
FIG.4 (Color online) (a) Magnetic field-dependent V-I characteristics of the 5-uc (110) LaAlO3/SrTiO3 heterostructures at 0.05K for 
different magnetic field applied perpendicular (H⊥) to the interface. (b) Numerical dV/dI-I curves deduced from the V-I curves in (a). (c) 
shows the (dV/dI)I=0/(dV/dI)I=40 at different perpendicular field. The filed (104mT) at which (dV/dI)I=0/(dV/dI)I=40 = 0.5 was defined as the 
Hc2⊥,50mK. (d), (e) and (f) The corresponding results for different magnetic field applied parallel (H||) to the interface. The Hc2||,50mK is 1024mT.
(dV/dI)I=0/(dV/dI)I=40 = 0.5, was define as the Hc2,50mK. As 
shown in Fig. 4 (c) and (e), we get Hc2⊥,50mK   104 mT 
and Hc2||,50mK   1024 mT for H⊥ and H||, respectively. 
According to the Ginzburg–Landau theory, 
 
           
          ⁄
 
          ⁄
  ,         (1) 
Where       is    with no magnetic field,          
184 mK here,       is the the upper critical field at a 
specific temperature T,       is the the upper critical field 
at 0 K. So we can deduce the Hc2⊥,0K   120 mT and 
Hc2||,0K   1187 mT by using Eq. (1). More importantly, 
based on the values of Hc2⊥,0K and Hc2||,0K, a quantitative 
estimation of both the superconductive layer thickness d 
and the in-plane superconductive coherence length   is 
feasible. Using a mean field approach leads to an in-plane 
coherence length
7
                  ⁄  
  ⁄   52 nm 
at T = 0 K,    is the flux quantum. Then, according to 
Ginzburg–Landau theory
7
     √                  ⁄  
= 18 nm. The estimated superconductive thickness   is 
very smaller than the in-plane coherence length  , well 
proves the 2D superconductivity of the (110) LAO/STO 
samples. The method to determine d and   here had been 
widely used for both (001) LAO/STO interfaces and other 
STO based interfacial superconductors.
7,25,39,40
 Although 
Ref. 43 believed that the value of d by this method is the 
thickness upper limit, this estimated d here still could 
represent the characteristic thickness of the 2D 
superconductivity. 
The violations of the Pauli paramagnetic limit at both 
(001) LAO/STO interfaces and other STO based 2D 
superconductors are very common,
7,43,44
 especially when 
the superconductive thickness   < 20 nm. Similarly, the 
paramagnetic limit seems to be exceeded by a factor of 
three at (110) LAO/STO samples here. The Pauli 
paramagnetic limiting field is     
            √    , 
where    is the Bohr magneton (with a g factor of 2),  
   is Boltzmann’s constant, and      0.184 K. So the 
    
      mT, while the Hc2||,0K   1187 mT. 
Given the difference between the Ti 3d subbands of 
(110) LAO/STO interfaces and those of (001) LAO/STO 
ones,
20–22
 e.g., the Ti 3dxz/dyz orbitals lie at the lowest 
energy rather than the Ti 3dxy for (110) LAO/STO,
21,22,45
 
while which is the opposite for (001) LAO/STO,
20,46–48
 it 
is beyond expectation that these characteristics of 2D 
superconductivity at the (110) LAO/STO interfaces, i.e., 
the values of Tc, TBKT, the in-plane coherence length and 
the superconductive thickness, and the violations of the 
Pauli paramagnetic limit, are all comparable to those of 
(001) LAO/STO interfaces. In spite of the origin of the 
superconductivity of (001) LAO/STO interfaces, also that 
of (110) LAO/STO interfaces, is not fully understood, the 
unexpected similarity suggests that the ground state and 
the mechanism of the superconductivity at both (001) and 
(110) LAO/STO interfaces should be same. Other layered 
superconductors, e.g., YBa2Cu3O7-x, MgB2, and iron-based 
superconductors, exhibit anisotropic electronic properties 
due to the anisotropic crystal structure, while the situation 
in STO-based superconductors is different. STO is 
virtually cubic at low temperatures, so it is not surprising 
that the similarity of the superconductivity at (001) and 
(110) LAO/STO interfaces. More details about the 
mechanism of the superconductivity at both (001) and 
(110) LAO/STO interfaces need further deep studies.  
Although having been investigated maturely about (001) 
LAO/STO interfaces, the origin of the condensed 2D 
electron system is still under debate by now. Relatively, 
the study of (110) LAO/STO interfaces is in its infancy, 
much more attention is needed to verify the other expected 
phenomena similar to those of the (001) LAO/STO 
interfaces, such as ferromagnetic order, electric field 
tunable superconductor-insulator quantum phase transition 
 5 
and so on, and as well as to explore the stimulated new 
novel physics different to those of (001) LAO/STO 
interfaces due to the unique Ti 3d subbands
20–22
 when 
added one more degree freedom of crystal anisotropy at 
(110) LAO/STO interfaces. The similarities of the 
superconductivity of (001) and (110) LAO/STO interfaces 
also imply that the condensed quasi 2DEG at both (001) 
and (110) LAO/STO interfaces may have a unified origin. 
Therefore, further in-depth investigation of (110) 
LAO/STO interface is very necessary and important which 
could provide great help in understanding the mechanisms 
of the novel phenomena at both (001) and (110) 
LAO/STO interfaces. 
 
IV. CONCLUSIONS 
 
In summary, by systematical transport measurements, 
we demonstrate that the 5-uc (110) LAO/STO interfaces 
exhibit a 2D superconductivity with a Tc   184 mK. The 
characteristics of the superconductive transition are 
consistent with a BKT transition. The BKT transition 
temperature is about 177 mK. The estimated thickness of 
the 2D superconducting layer is about 18 nm. The Pauli 
paramagnetic limit was exceeded by a factor of three. 
These features of superconductivity of the (110) 
LAO/STO interfaces are comparable to those of (001) 
LAO/STO interfaces suggesting that the ground state and 
the mechanism of the superconductivity at both (001) and 
(110) LAO/STO interfaces should be same. 
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